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ELECTRICITY. 


1.  C'OULOMU'S  LAW. 

If  there  be  two  point  charges  e\  and  02,  separated  by  a  distance  r, 

the  mutual  force  exerted  between  them  will  be 


2.  COULOMB'S  TORSION  BALANCE. 

This  instrument  was  designed  by  Coulomb  for  verifying  the 
truth  of  the  above  law.  It  consists  of  an  insulating  rod  AB  (Fig.  la) 
suspended  from  a  torsion  head  by  a  fine  wire  and  having  a  small 
gilt  pith-ball  fixed  at  A.  C  is  a  similar  pith-ball  fixed  at  the  end 
of  an  insulating  rod.  The  balls  are  adjusted  so  as  to  touch  each 
other  and  are  then  charged.  The  ball  A  is  repelled  through  an 
angle  00  until  the  force  of  repulsion  is  balanced  by  the  torsion  in 
the  suspending  wire;  the  torsion  is  then  a  measure  of  the  force  of 
repulsion. 


o 


oo 

C    A 


B 


B 


fig. /a 


According  to  Coul<>ml»'>  la\\  l:r-  =  e \ ,c->  =  u  constant ;  hence  we 
can  tr>t  th«-  truth  <»t"  thi>  law  1>\  iiicrea>ing  the  torsion  and  observ- 
ing whether  the  distance  beturrn  the  ball-  \arir-  according  to  the 

law.      Let   the  torsion  head  be  turned  back  through   7'°  thereby 

rrdiu  in-   the  anjjle  subtended  l>\    tin-  l»all-  at  0  to  6,  and  making 


the  torsion  in  the  wire  equal  to  (T+0).    Then  from  Fig.  Ib,  CA  =2/ 

f\ 

sin   -jj-  .    The  component  of  F,  the  force  of  repulsion  between  C  and 

n 

A,  tending  to  twist  the  wire  will  be  F  cos  -=-  ,   and   the  moment  of 

z 

f\ 

this  component  about  0  is  Fl  cos—  .    This  moment  is  balanced  by 

& 

the  torsion  in  the  wire. 

If  K  be  the  moment  of  the  couple  required  to  produce  a  torsion 
of  1°  in  the  wire,  for  a  torsion  of  (T+0)0  the  couple  will  be  K(T+0). 

.'.  F/cos-J-  =K(T+8) 
.    f_      K(T+8) 
/cos  ^ 

Then  from  Coulomb's  law 

Fr~  =  a  constant 


/    COS    -y 

=  4Kl(T+8)  sin  4-    tan   ' 

^  — 

Hence,  by  varying  T  we  may  test  the  truth  of  the  law. 

3.  UNIT  OF  ELECTRICITY. 

By  Coulomb's  law  the  force  between   two  point  charges  of 
electricity  e\  and  e2,  distant  r  cms.  apart  is  given  by 


Let  the  charges  be  equal  and  placed  1  cm.  apart,  then 

F=e\ 

Therefore,  to  obtain  unit  force  between  the  charges  each  must  be  a 
unit  of  charge.  Hence,  in  the  C.G.S.  system,  we  have  the  following 
definition: 

Unit  charge  of  electricity  is  such  that  when  placed  in  a  vacuum 
at  a  distance  of  1  cm.  from  an  equal  and  similar  charge  it  is  repelled 
with  a  force  of  1  dyne. 

\    4.  APPLICATIONS  OF  COULOMB'S  LAW  TO  MAGNETIC  AND  TO  GRAVI- 

TATIONAL MATTER. 
In  magnetism,  Coulomb's  law  may  be  expressed  as 


r* 
where  m\  and  mz  represent  pole-strengths.    This  law  may  be  verified 
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1)\  means  of  the  torsion  balance  if  magnetic  poles  are  substituted 
for  the  charged  pith-ball-. 

By  a  similar  argument  to  that  used  above  we  may  arrive  at  a 
definition  of  unit  magnetic  pole  a>  l>ein^  that  pole-strength  which 
will  exert  a  force  of  1  dyne  on  an  equal  and  similar  pole  distant 
1  cm.  from  it 

Similarly,  for  gravitational  matter,  Coulomb's  law  gives  the 
relation 

_        Jif,Jlf« 

2 

where  MI  and  M-i  represent  the  respective  masses  of  two  bodies. 
The  truth  of  this  law  may  be  shown  by  an  application  of  Coulomb's 
torsion  balance,  which  is  commonly  known  as  the  Cavendish 
experiment,  in  which  two  small  silver  ball>  are  attracted  by  two 
large  lead  balls.  For  a  complete  description  of  this  experiment 
read  the  chapter  on  gravitation  in  Poynting  and  Thorn 

"  Properties   of   Matte 

Krom  this  gravitational  law  we  may  derive  the  definition  of 
unit  mass  as  being  that  mass  which  will  exert  a  force  o:  1  dyne  on 
an  equal  mass  at  a  distance  of  1  cm.  This  is  known  as  the  "astro- 
nomical unit  of  mass"  and  must  not  he  confused  with  the  ordinary 
units  such  as  the  gram  or  the  pound. 

T>.    I. LECTRIC   IMIVMIY   A  i    A    POIM. 

The  electric  intensity  at  a  point  is  the  force  exerted  on  a  unit 
charge  placed  at  that  point. 

Theorem — The  electrical  intensity  due  to  an  equipotential  sur- 
face i>  everywhere  normal  to  the  snrt 


Let  AB    (Fig.   2)    rcpn-nit    .m    r<|m|><>lciilial    Mirlace: 

the  electric  intensity  .it  /'  due  to  AB.    Draw  PQ  perpendicular  to 

AB,  and  let  R  be  any  point  on  AB. 

Now  the  |..  .Hid  Q  arc  at   the  -a me  pnlenlial.  1  liei  c!«  >i  r,  by 

ii   1  1.  the  quantities  of  jiiirrd  \<>  take  a  unit  charge 


along  the  paths  PQ  and  PR  arc  equal.  But  the  path  PR  is  equix si- 
lent to  PQ+QR\  therefore  the  work  done  in  taking  tin-  charge 
along  QR  is  zero.  Hence  the  force  due  to  AB  must  be  normal  to 
the  surface,  for  if  not,  it  would  have  a  component  which  would 
oppose  or  assist  the  motion  of  the  charge  along  QR,  thereby  making 
the  work  along  this  path  not  equal  to  zero. 

A  Minilar  argument  will  hold  for  any  point  of  AB\  therefore  the 
electrical  intensity  is  everywhere  normal  to  the  surface. 

6.  SOLID  ANC.I .1  •>. 


Let  AB  (Fig.  3)  represent  a  surface,  and  P  any  point  not  lying 
on  it.  From  every  point  on  the  boundary  of  AB  draw  lines  to  P, 
thus  forming  a  cone  with  P  as  apex.  Then  the  surface  AB  is  said 
to  subtend  a  solid  angle  at  P,  the  angle  being  bounded  by  the  cone. 

In  order  to  measure  the  numerical  value  of  this  angle,  with  P 
as  centre  draw  a  sphere  of  unit  radius,  on  the  surface  o.  which  the 
cone  wrill  intercept  an  area  ab.  This  area  is  a  measure  of  the  solid 
angle.  If  a  sphere  of  radius  PB  is  described  about  P,  the  cone  will 
intercept  on  it  an  area  BC,  and,  as  will  be  readily  seen,  the  surfaces 
AB  and  BC  subtend  the  same  solid  angle  at  P.  Now  the  areas  of 
the  surfaces  ab  and  BC  are  proportional  to  the  squares  of  the  radii 
of  their  generating  spheres,  so  that,  if  u  is  the  solid  angle  subtended 
at  P  by  the  surface  AB, 

Area  BC 


Where  co  is  small,  BC  may  be  regarded  as  the  orthogonal  pro- 
jection of  AB.  Then  if  the  angle  between  the  normals  to  the  two 
surfaces  is  0. 

Area  BC=  Area  AB  X  cos  6 

Area  AB  X  cos  6 
Therefore  co  =  p2  — 


7.  ATTRACTION  1  >i  K  m  A  UNIFORM  CIRCULAR  Disc  AT  A  POINT  ON 

IT-    AXIS. 


Let  ZX  '/•.  Fig.  4)  represent  a  section  through  the  centre  of  the 
disc,-  and  let  P  be  a  point  on  the  axis  OP.  With  P  as  centre  and 
PO  as  radius  describe  a  sphere,  and  join  DP  and  EP  cutting  tin- 
circular  section  of  the  sphere  at  N  and  R. 

By  section  6,  the  solid  angles  subtended  at  P  by  the  disc  DOE 
and  the  section  of  the  sphere  NOR  are  equal.  Now  the  centres  of 
the  two  sections  are  at  a  common  distance  OP  from  the  point  P, 
therefore  it  is  evident  that  in  considering  the  attraction  at  tin- 
point  P  we  may  replace  the  disc  DOE  by  the  section  of  a  sphere 
\(U<,  provided  that  the  density  of  charge,  p,  is  the  same  on  each. 

Take  now  a  small  element  AN  on  the  circumference  of  the 
circular  section  and  draw  AB  and  NC  perpendicular  to  the  axis  OP. 
If  the  element  AN  is  rotated  about  OP,  keeping  the  lengths  AB 
and  \C  fixed,  it  will  trace  put  an  annular  ring  on  the  surface  of 
tin-  -phen-  The  area  of  thi>  elemental  riiii;  will  be  liiven  b\ 

.AN 

AM 


- 


Bin  OP  A 

since,  angle  47VM  =anjje  OP  A 


Now, 


irea 


\\\  OPA. 


.AP 


'1  he  total  area  «»t  tin  ii  cap  \(>i\  \\ill  thu-  l.e  obt 

flrinellt-    nt      tl:.  -Ill     A      to    (I 

\   A  M  from   ( '  to  O. 


\ 


i.e.,  total  area  =  27r,4P(OP-P5) 

OP          PB  \ 
AP) 

since  OP=*AP, 

T)  7? 

and  -  p  =cos  OP  A  =cos  a. 
Attraction  at  P  due  to  the  disc  =  2*f>AF*(l _~cos  a) 

^A  -/"^** 

=  27rp(l— cos  a). 

If  the  disc  be  infinitely  large,  or  if  the  point  P  is  taken  very 
close  to  the  disc,  a  =  90°,  and  cos  a  =  0, 

/.in  this  case  the  attraction  =  2?rp. 

8.  ELECTRIC  INTENSITY  AT  THE  SURFACE  OF  A  CHARGED  CON- 
DUCTOR. 


Let  ABC  (Fig.  5)  be  a  charged  conductor  of  any  form.  At  B 
take  a  circular  element  of  area  ds,  so  small  that  its  surface  is  plane. 
Consider  the  force  exerted  by  this  little  disc  alone  on  a  unit  charge 
close  to  its  centre.  On  the  outside  there  would  be  a  force  of  2?rp 
acting  outwards.  Similarly  there  would  be  a  force  of  2irp  on  the 
inside  acting  inwards.  But  we  know  that  for  the  whole  conductor 
there  can  be  no  force  at  a  point  inside,  consequently  there  must  be 
a  force  exerted  by  the  rest  of  the  conductor  exactly  equal  and 
opposite  to  the  inward  force  2?rp.  This  is  equivalent  to  a  second 
outward  force  of  27rp.  Consequently  at  any  point  on  the  surface 
of  a  charged  conductor, 


4?Tp 


9.  MKCHAMCAL    FORCI-:    IM-.K    (Mi    ARIA    01     A    CHAR<.I-:I>  > 

DUCTOR. 

From  the  preceding  section  the  force  per  unit  charge  just  at 

i  In-  -urf.uv  <>l  tls  due  to  the  charge  on  ds  is  2irp.     Now  the  total 
charge  on  ds  is  pds,  >«»  that  the  force  on  the  area  ds 


=  27T0-V.s 

•rce  per  unit  arca  =  27rp2. 

This  force  is  of  the  form  of  a  hydrostatic  prc-Mire  and 
to  cause  the  conductor  to  expand. 

10.   Tin-:  ABSOLt  n     l.ii<  PROMOTER. 

The  in>trument  u-ually  employed  for  measuring  potential 
differences  i^  tin-  voltmckr.  The  theory  of  this  instrument 
depends  on  the  magnetic  action  of  a  current.  It  is  therefore 
important  for  theoretical  reasons  to  have  some  instrument  for 
measuring  potential  difference-  which  depends  only  on  the  funda- 
mental laws  of  electrostatics.  This  condition  is  satisfied  by  the 
Kelvin  absolute  electrometer. 

C       A  B       D 


F 


In  Figure  ^  Aft  rcprc-ept-  a  bra->  di-c  >u>pi  ndcd  Iron?  one 
arm  of  a  balance,  and  >nrronnded  by  a  bra»  .uuard-rinn  C/>.  Helow 
thi>  i-  another  plaie  /-./•'.  If  AB  and  EF  be  maintained  at  a  con- 
stant difference  of  potential  there  will  be  .1  downward  pull  on  AB 
\\hich  may  be  mea-nred  with  the  balance.  If  /;/  ,ur,ini-  be  the  ma» 
\vhi«h  it  i-  in  lo  place  in  the  -cale  pan  in  order  to  n-tore 

equilibrium,     the  i.  .\\n\\ard    on    .  1  tt    i-    mg    d] 

•    e  the  diflereiK c  of  pott  utial  between  the  plau-  m.iy 

.  1  /••' 
=  i:  .1  H  and  of  api  "  UlIC  ;n    (  '/> 

r/  =  di-lance  b(  iv.een   .1  /<  .nid   A'/'' 

•  Mtial  di*'  1|1(|   /.  /. 

p  =  di  nsi  and  EF 

I<  =  inten-it\ 
/=|)iih  on  .1  /•;  in  d'. 
Then  /      J; 
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y 

also  R=  — •,    =4irp  bv  section  8, 
a 


,          ,  V 

therefore  p  = 


(V  \" 
/)    = 

Therefore  V  =  dy/S-lJ 

<[\ 


V2A 


=  d  ]/      *  mg    electrostatic  units  of  potential. 

\ 

"^        11.  ELECTRIC   INTENSITY   DUE   TO   A   SPHERICAL   SHELL  AT  AN 

INTERNAL  POINT. 


Let  P  (Fig.  7)  represent  an  internal  point  in  a  hollow  spherical 
shell  attracting  according  to  Coulomb's  Law.  Through  P  draw  a 
cone  of  small  vertical  solid  angle  dco,  so  as  to  intercept  areas  dsi 
and  dsz  on  the  surface  of  the  sphere  at  A  and  B  respectively.  Let 
PA=ri,  PB  =  r>i,  where  PA  and  PB  are  measured  along  the  axis 
of  the  cone.  If  C  is  the  centre  of  the  sphere,  AC  represents  the 
normal  to  the  element  dsi.  Let  the  angle  PAC  =  6. 

Now  by  the  theory  of  solid  angles 

dsi  cos  6  ds?  cos  6 


,P1_ 

Therefore  dsi  =  - 

cos  6 

2 
and  ds2 


cos  6 
10 


The  attraction  of  dsi  at  P  is  given  l>>     — ^-  where  p  is  the  sur- 


face density. 
But 


pfi2  du         pdu 


r\-          rr  cos  6 
Also  the  attraction  of  dsz  at 


cos0 


0060 


in   the  opposite  direction. 


Therefore  the  resultant  attraction  is  zero. 

Now  the  whole  surface  may  be  divided  into  similar  pairs  of 
elements  by  a  series  of  cones  through  P,  hence  the  attraction  of  a 
spherical  shell  at  an  internal  point  is  zero. 

12.  ELECTRIC    IxiiN-m     DM-.    TO   A   SPHERICAL   SHELL  AT   AN 
EXTERNAL  POINT. 


Let  AEB  (Fig.  8)  represent  a  spherical  shell  attracting  accord- 
ing to  Coulomb's  Law,  and  P  a  point  outside  it.  Let  C  be  the 
centre  of  the  shell;  join  CP  cutting  the  sphere  at  E,  and  on  it  take 


an  internal  point  D  such  that 


CD 


CP  ' 


Through  D  draw  a  coin-  <>!  -ni.tll  \vrtic\tl  -olid  .tn.^K-  du  so  as 
to  intercept  areas  ds\  and  ds«  on  tin-  Mirf.uv  <>|"  tin-  sphrrr  .it  .1  and 
B  respectively. 

angle  CAD  =  angle  CBD  =  B. 


Then  </w  = 


where  r\  and  r-.  arc  re^jwri  i\  rl\   r(|iial 

rf<: 


.ind   />/•' 


re  dsi  = 


\\ 


*   pfj-  (/CO 

Attraction  at  P  due  to  dsi 


cos  0  .  PA2 
Attraction  at  P  due  to  ds*  = 


cos  B  .  PB2 

Now  by  similar  triangles,  angle  APC  =  angle  CAD  =  6. 
Similarly  angle  BPC  =  angle  CBD  =  0. 
Therefore  angle  APC  =  angle  BPC. 

ri        DA        CA 
Also     -p-j  = 

and 


PB       PB        PC        PC 

Therefore  attractions  of  elements  at  A  and  B  are  equal,   and 
therefore  the  resultant  attraction  is  along  PC. 

* 

Attraction  due  to  dsi  along  PC  =    pd"       .      CA*  .  cos  0 

cos  6  PC1 


d<*    -££- 

~PC2 

Also  attraction  due  to  ds%  along  PC  =  pdco    __ 

PC2 

Therefore  total  pull  on  P  due  to  two  elements  of   surface  is 

CA'2 


PC2 

CA 


Therefore  total  pull  on  P  due  to  whole  surface  =2p  . 


-  g. 
.CA* 


PC2 

Now  4irpCA2  =  total  charge  on  sphere  =  E 
and,  if  PC  =  r  =  distance  of  P  from  the  centre  of  the  sphere, 

E 
attraction  =  — 

That  is,  for  an  external  point,  a  spherical  shell  of  electricity  acts 
as  though  its  charge  were  concentrated  at  the  centre. 

We  know  that  Coulomb's  law  holds  for  giavitational  matter  as 
well  as  for  electrical,  therefore  if  we  have  a  thin  spherical  shell  of 
matter  it  may  be  proved  by  the  same  argument  as  that  presented 
above  that  it  acts  at  external  points  as  if  its  mass  were  concentrated 
at  the  centre.  Now  a  solid  sphere  may  be  looked  upon  as  being 
made  up  of  an  infinite  number  of  concentric  spherical  shells,  each 

12 


of  which  act-  as  it  it>  ma--  were  concentrated  at  the  centre.    There- 
a  solid  sphere  of  matu  i  exert-  a  t;:a\  national  force  at  external 
points  as  though  its  whole  mass  were  concentrated  at  a  point  at 
it-  cent 

13.  ABSOI  i  1 1    I'OIKMIAI.. 

Tlie  absolute  potential  of  a  charged  body  is  the  work  which 
would  he  done  in  bringing  unit  positive  charge  of  electricity  from 
an  infinite  distance  up  to  the  hotly. 

14.  I  )n  i  OF  Poll  \  1 1  \ i  . 

The  difference  of  potential  which  exist-  between  two  charged 
bodies  would,  according  to  the  above  definition,  be  the  difference 
between  the  amounts  of  \\ork  done  in  the  two  cases  in  bringing 
up  a  unit  positive  charge  from  infinity;  or,  more  simply,  the  differ- 
ence of  potential  between  two  charged  bodies  is  the  amount  of 
work  required  to  take  a  unit  positive  charge  from  the  body  of  lo\\er 
potential  to  the  one  of  higher  potential. 

\:^.  POTENTIAL  or  \  SIMM  KK  AI.  LAYE*  pi  KLECTRICM  \ . 

\Ye  know  that  a  charge  in  the  form  of  a  spherical  shell  acts  as 
if  the  whole  charge  \\vit  i»  'iio-n!  iv  led  at  a  point  at  the  centre  of 
tlu-  -hell  (Sec.  12),  con-e<!tiently  in  calculating  the  electrical 
potential  of  a  sphe  ical  conductor  bearing  a  charge  E  we  assume 
that  we  are  dealing  with  a  charge  E  situated  at  the  centre  of  the 
conductor. 

Inside  a  charged  spherical  conductor  there  can  be  no  force, 
e  no  work  is  done  in  moving  unit  charge  from  one  point  to 
another.  This  tells  us  that  all  points  within  the  conductor  are  at 
th<-  -anic  potential,  therefore  in  calculating  this  potential  we  need 
only  determine  the  work  done  in  brin^in^  a  unit  charge  up  to  a 
point  on  the  -urfacc  of  the  -pherical  conductor. 


Fly.  9 

t  0  (Fi^  be  centre  of  tin-  -phcru  al  layer  of  electricity. 

P  a  point  at   thr  surface  and  ()  any  point  in  spat 

I  «  t  OP -a,  and  OQ  =  x.  and  let  ro  be  divided  into  n  parts,  n 

large. 

I  el  d  be    '  of  /V  =*-^?. 

n  n 

If  E  i-  the  charge  on  the  -hell,  the  attraction  on  unit  charge 

/. 

point   \f  on  PQ**  ,          ..t  ,  r  tx  1C   integer.   Mich    that 

rd=l 
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Therei'niv.  ai   M  the  \\ork  done  in  taking  unit  charge  o\  IT  a 

Ed  Ed 

distance  d  lit--  U'lwivn  —  -HT   an(l 


v 


. 
(a+rc/)2<     a  +  (r- 


_  d_  d 

1  -  >  ** 


_  _ 

{a+(r-l)d}(a+rd)         (a+rd)*  a  +  (r- 

Then  the  work  clone  in  going  a  distance  d  at  the  point  M 

Ed 

r-l)d}(a+rd) 


and  work  done  in  going  from  Q  to  P 


"  {a+(r-l)d}(a+r$) 

E   )- 


„    (          1 


a  +  rd) 
1 


\ 

=  EI        —      -    V  and,  if  .v  is  infinite, 
\a          x  J 


.. 

a 

Similarly,  for  a  spherical  shell  of  matter,  the  gravitational 
potential  at  the  surface  is  given  by  F  =  — ,  i.e.,  the  mass  of 

the  shell  divided  by  the  radius. 

1 1  was  proved  above  that  a  solid  sphere  of  matter  acts  as  though 
its  whole  mass  were  concentrated  at  the  centre,  hence  in  this  case 
also,  the  gravitational  potential  at  the  surface  of  the  sphere  is 

M 

given  by  V  =  — ,  where  M  is  the  whole  mass  of  the  sphere. 

16.  CAPACITY. 

If  two  insulated  conductors  are  placed  in  contact  with  each 
othei  and  given  a  charge,  they  will  be  found  to  be  raised  to  the 
same  potential,  but  in  general  they  will  not  have  equal  charges. 
The  charge  required  to  raise  any  conductor  to  a  given  potential 
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depend-   upon    it-   dimenMons,    and    upon    it-    position    relative    to 
(factors.     The  ratio  between   tin-  charge  and  the 
!  potential  is  termed  tin-  capacity  of  the  conductor. 

Quantity 

That  i  .  .    . 

Potential 

•pacity  of  a  conductor  is   the  amount  of  elec- 

tricity requiii  .  -tential  by  one  unit.     Hence  it  follows 

has  unit  capacity  \\hcn  unit  charge  is  required 
unit  potenii  >1. 

h  \va-  proyed  above  that  the  potential  of  a  charged  spherical 

•p 

•  iuctor  i-  vjiven  by  V=    ^  ,  where    E    is    the  quantity   of   . 


tricity  on  tin-  conductor. 

ButC= 


=  a. 

Hence  the  capacity  of  a  spherical  conductor  is  numerically 
equal  to  it-  radius,  and  therefore  a  spherical  conductor  of  1  cm. 
radiu>  ha^  unit  capacity. 

17.    l.\l  RG1    «>i      \    ('HAK(,I  I)    (  "oNDl  c  TOR. 

B\  (  \p<  rinient  \\  e  find  that  for  a  single  isolated  conductor  the 
relation  connecting  charge  and  potential  is  given  1/y 

£  =  CF, 

win  re  ('.  ,i-  already   >ho\vn,  is  a  c«»n>tant  and  is  called  the  capacity 
of  the  conductor. 

If  we  add  to  the  charge,  a  small  quantity  (IE  we  raise  the  poten- 
tial l»v  a  -mall  amount  (IV  such  that 

dE-CdV. 

definition    the   potential   of  a   conductor  is   the   nu.iMin 
tin-  \\ork  «lone  in  l.iiii-iui;  up  a  unit  pr>iti\  e  charge  from  an  infinite 
di^t.:  refore  it  we  l-rin^  i'p  a  charge  (IE  when   the  conductor 

a  potj-ntial    I',  the  work  done  i> 

-  VdE 


Then   the  tol.tl  \\oik  done  in   viixini;   lo  the  conductor  a  charge 

•  I!  -uch  expressions  .1-  \    ii  -mm 

l  ,  the  iinal  vali 


.ination 
Brin^  up 

•nuiunt  JT.     T1-. 
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and  is  represented  by  the  area  of  the  small  rectangle  OABC  (Fig. 
10a).    Bring  up  a  second  charge  dE  and  the  work  done  is  dEX2dV, 

V 


Fig./Oa 


represented  by  the  area  of  the  rectangle  CDEF.  This  process  is 
repeated  until  a  total  charge  E  has  been  given  to  the  conductor 
and  the  potential  raised  by  an  amount  V.  The  total  work  done 
is  then  the  sum  of  the  areas  of  all  the  small  rectangles,  and  if  the 
elements  dE  and  dV  are  taken  smaller  and  smaller  this  total  area 


Fig.  /Ob 


becomes  a  right  angle  triangle  as  shown  by  PQR  (Fig.  10&).     The 

v =  v 
height  of  the  triangle  will  be  2          dV=V,  and  the  length  of  the 

V  ~0 

base  will  be  ?^rfE  =  E, 

/.  area  of  PQR=W  =  \EV, 

and  the  potential  energy  of  the  conductor  must  be  equal  to  the 
work  done  in  charging  it, 

.'.  Energy  =  \EV. 

18.  DETERMINATION  OF  THE  ELEMENTAL  CHARGE. 

When  a  liquid  is  sprayed  through  an  atomiser  so  as  to  form 
minute  drops  it  is  found  that  most  of  the  drops  acquire  a  charge 
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of  electric -it\ .  either  positive  or  negative.  Prof.  Millikan  under- 
took to  me;i>ure  the  charges  on  such  drops  in  order  to  find  whether 
or  not  then  was  any  uniformity  in  tin-  amounts  of  electricity  on 
tin-  different  drop-.  Hi-  method  w.i-  to  get  the  drops  between 
two  parallel  metal  plates  see  Fig.  I!  ,  one  of  which  could  be  charged 


/777T7 


either  j><>-iti\el\  (»r  negatively  by  means  of  a  battery,  tlie  other 
being  connected  to  earth.  A  microscope  was  focussed  on  a  par- 
ticular drop  and  its  velocity  measured  by  means  of  an  attached 
scale,  th>t  with  the  plates  uncharged,  then  with  a  known  diffeienre 
of  potential  between  the  plates.  It 

I  '  =  pot.  diff.  between  the  plates, 

(I  =  distance  in  cms.  between  the  plates, 

y 

then  the  electric  force  =  X  =      .-  . 

a 

The   mathematical    determination    of    the   charge   on    the   drop    is 

d  on  St<>ke'>  law  that  for  .1  falling  spherical  drop  of  -mall 
dimeiiMnn-  the  \el<»(  ii\  i-  con>t;int  in-tead  of  iiu-reaM'ni;  with  time 
and  i-  gi\en  1>\ 


where   I"  =  terminal  velooil  > 

/n=  ienl  of  \  i-c.»ii  y 

a  =  i.idin>  of  di< 
p-  'it  dn.p 

(7s=den-il  \   nl"  medium 

it  a  i-  in-^hsil'l*1.  and  \\.iter  dn>|.-  are  used. 
«»7r^/  l'=  *   7ra*g. 

To  get   the  m.i--  nt  the  dn-p. 
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Now  IJL  was  found  to  be  1.8X10'4 

,  1.8  X  10-4 


„        1.8  X  10-4    TA3/: 

—  ]>    7T  ft    —  TV  7T  I        ;-     A 


=  3.1  X10~9F3/2. 

From  the  equation  given  above,  the  terminal  velocity  is  given 

?fl2 
by  FI  =  jj    ;  —  under  the  action  of  gravity  alone.    When  an  electric 

field  of  value  X  is  applied,  the  acceleration  of  the  drop  is  changed 
from  g  to  /. 

Then  mf=Xe-\-mg, 
where  e  is  the  charge  on  the  drop. 

Xe 


Then  the  new  terminal  velocity  is  given  by 


=  ^ 

F2      Xe  +  mg 


or,  g  = 


=  3.1  X  10  9    -     (Fs-FOFi1/2 

It  was  found  that  e  always  came  out  to  a  minimum  value  or 
some  simple  multiple  of  this  value,  consequently  it  was  assumed 
that  this  was  the  element  of  electrical  charge. 

The  values  found  for  e  by  this  method  and  others  are  given 
below. 

Value  of  e 

Millikan 4.7   X  10~10  e.s.  units 

Wilson 3.1    X10  10 

Perrin 4.7   X10'10 

Rutherford 4.65X10   10 

This  last  value  is  considered  to  be  the  most  accurate  and  is  the 
one  used  in  all  determinations  involving  e. 

[For  ;i  full  account  of  this  work  read  Science,  Sept.  o(),  1910,  p.   lot'..] 
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I'.l.     ;  (LYSIS. 

A  conductor  of  electricity  which  i>  decomposed  hy  the  p 
of  .in  electric  current  through  ii  i>  railed  an  elect n  -1\  te.     \\"!HMI  an 
electrolyte  i>  der< >mp< »ed   the  constituent  parts  set    free  move  in 
oppo.-ite  directions  under  the  influence  of  the  electric  field  and  are 

called  ion-. 

The  mo>t  general  definition  of"  an  ion  is  that  it  is  any  ch 
body  which  is  free  to  move  under  the  influence  of  an  electric  field. 

20.   FARADAY'^   I.\\\>  or   KI.IXTROLYM-. 

1.   The  quantity  of  an  electrolyte  decomposed  by  the  pa 
of  an  electric  current   i>  directly   proportional   to  the  quantir 
electricity   which   pa>ses  through   it. 

'2.  If  the  >amc  ([iiantity  of  electricity  j>a»cs  through  different 
elertroK  te-  the  \\eigh  t>  of  the  different  ion>  deposited  will  he  pro- 
portioivil  to  the  chemical  e(jui\  alcnt s  of  the  ion-. 

Tlie  \\eiiiht  of  an  element  which  is  set  tree  h\"  the  ]• 
one   coulonih   of  electricity    through   an  electrolyte    i-   (ailed    the 
electrochemical  equivalent  of  the  element. 

'2\.  DETERMINATION  OF  THE  MASS  OF  mi    HYDROGEN  ATOM. 

By  experiment  the  electrochemical  equivalent  of  hydrogen  is 
010384. 

/.     1   coulomh  of  electricity  seta  free  .000010384  g.  of  H2 
or,  1  e.m.u.  of  electricity  sets  tree  .00010384    g.  of  H2. 

Now  >uppo>e  that  there  are  N  unit  charges  in  1  e.m.u.  of 
quantity. 

1  e.m.u.  =  3XlOloe.s.  unit 
.  .  Ne  =  3XlOl°e.s.  unit 
i.e.,  7VX4.65X10-l°  =  3X1010 

/V- 6.5X10" 

To  get  any  inform, it  ion  as  to  the  mass  of  the  hydrogen  atom 

troni  the-e  liiiiiro  we  must  make  an  assumption  as  to  the  numher 

of  unit  charges  carried  h\    ciach  atom.     From  other  evidence  we 

d  to  the  belief  th.it  ju>t  one  unit  of  electricity  is  associated 

with  each  atom  of  hydrogen. 

/.  JV- 6.6X10* 

=  number  of  atoms  of  hydrogen  MM  tret-  hy  1  e.m.u. 
10"  atoms  of  hydrogen  weigh  .00010384  gram, 
•i  X  10-24gram. 

,1    Mi:i    K    ol      Moi  I  (   I    LBS  <>|      \\N    GAS    I'l •  U    I    \1  I     \'()l.l   Ml   . 

1  •  roin  the  previOUfl  Bection  it   i-  |>o--ihle  to  drtermine  the  \\ri-ht 
atom  of   ,t!  h   i-  no\\    re«iuin-d  to  find   the  mimher  of 

nt  any  gas  in  1  •  temperature  and  pn  asure. 
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\\V  have  UK-  mass  of  Ha  =1.(55X  10     ''  strain . 

Also  1  cc.  of  hydrogen    at  0°C.  ami  7<>  mis.    PIVSMHV 
.00000004  gram. 

.00009001 

.*.  number  of  atoms  of  hydrogen  per  1  cc.   =        revxin-24 

1  .OO  X 10    " 

=  5.44  X1019 

or,  number  of  molecules  of  hydrogen  per  1  cc.  =2.72X  1019 
=  number  of  molecules  of  any  gas  per  1  cc.  =  n 

23.  NUMBER  OF  MOLECULES  OF  ANY  GAS  PER  GRAM-MOLECI  u  . 
A  gram-molecule  of  any  gas  is  defined  to  be  the  molecular  weight 

in  grams. 

e.g.,  1  gram-molecule  of  H*  weighs  2  grams. 
Now  1  atom  of  hydrogen  weighs  1.65X10"24  gram 

.*.  1  molecule  of  hydrogen  weighs  3.3X10~24  gram 

.'.  number  of  molecules  of  hydrogen  per  gram-moleculi- 

2.000 
3.3  X 10--' 
=  6.2  X  1023 

=  number  of  molecules  of  any  gas  per  gram-molecule 

=  A7. 

24.  DETERMINATION  OF  --FOR  ELECTRONS. 

m 

•     There  are  three  methods  of  determining  with  accuracy   the 

0 

value  of  -  -  for  electrons. 

m 


-M        A 


Method,  1.  —  The  experimental  arrangement  is  shown  in  Fig.  12. 
A  is  a  strip  of  platinum  coated  with  calcium  oxide,  and  is  called  a 
Wehnelt  cathode.  When  heated,  this  cathode  emits  a  copious 
stream  of  electrons.  B  is  an  aluminium  disc  with  a  small  hole  in 
the  centre.  The  tube  containing  A  and  B  is  exhausted  to  a  very 
low  pressure  and  sealed  off.  A  and  B  are  connected  respectively 
to  the  negative  and  positive  poles  of  a  battery,  induction  coil,  or 
electrical  machine.  The  electrons  are  accelerated  by  this  field 
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,ind  sonic  of  tin-ill  i  »ass  i  hi-«  'imh  tlu-  :ioU>  in  /->  and  strike  the  Huiirc— 
cent  :n    oi"    electron- 

•,<l  In  t\\ern  th<-  i«  11  electro-mag 

tin-  •  ;:<>n  <>f  which  i>  n  [nvM'iited  by  the  dotted  circle  in  the 

figure. 

I.  t-t    9**  velocity  of  an  electron  at  B, 

e  =  charge  on  an  electron, 
w  =  mass  of  an  electron, 
/  =  length  of  the  plates  E  and  D, 
=  diameter  of  the  pole-pieces  of  the  magnet, 
d  =  distance  from  E  to  C. 

If  a  field  H  is  created  by  the  magnets  the  electrons  will  be 
deflected  in  passing  through  this  field  and  will  strike  the  screen 
,n  a  point  I)  cms.  away  from  the  point  at  which  they  struck  it 
before.  By  Laplace's  law,  the  force  on  unit  length  of  a  current 
Mowing  perpendicularly  to  a  magnetic  field  is  Hi. 

In  this  case  i  =  ev, 

.'.  /•'=  //<T  =;;//,  where  f  is  the  acceleration  given  to  the  electrons 
by    the   field. 

Hev 
"  '  "       m 

Ihe  electrons  will  remain  in  the  field  for  a  time     -  ,    and    during 

thi>  time,  on  account  of  the  force  exerted  on   them  by  the    field, 
they  will  move  a  distance  $1  perpendicular  to  the  field  and  to  the 

original  direction  of  motion. 


When  the  electrons  leave  the  field  their  acceleration  Ceases  and 
they  will  thru  |>o  \rlocitv  Vi  in  the  direction  of  .s,,  i^ven  by 


m  v 

\\  will    take  the  ele<  iron-         sees,    to    tra\  er>e   the  distance   d. 

0 

During  thi->  time,  on  account  of  the  \elocit\    i1,.  they  will   MM 
a  di  illel   to   N     and   -i\cn   b\ 

/  ,/ 

;;/        '    v 
',]  tin-  lofal  clcllrclion  /).       v.    • 

F'      Hev      I      _^  . 
.  tn        r       v 


f/, 


KT+-O 


Similarly,  it  instead  of  the  magnetic  field,  an  electric  field  A' 
i>  maintained  between  the  plates  E  and  F,  the  point  at  which  the 
electrons  strike  C  will  be  detleeted  throti.uh  a  certain  distance,  sax 
/)••  cms. 

The  force  exerted  on  an  electron  by  the  field  is  Xe, 

=Xe  =  mf,  or/= 


Proceeding  as  in  the  case  of  the  magnetic  field  we  get 
,-Xe        r-        Xe         I          d 


m         v-         m 
Xe          I 


i + ") 


Now  it  the  electric  and  magnetic  fields  are  applied  simultaneously 
and  their  strengths  adjusted  until  the  spot  at  which  the  electrons 
strike  C  is  brought  back  to  its  original  position  we  will  have 


Equate  the  absolute  values  of  these  deflections,  then 
He       J^    SJ_        A    =  Xe        I   /± 

X 

Substitute  in  the  value  of  D\  found  above. 
He       IH 


Method  2. — The  apparatus  is  shown  in  figure  13.  The  electrons 
used  here  are  cathode  rays  which  are  produced  by  an  electrical 
machine  EM  connected  between  A  and  B.  The  electrons  pass 
through  a  small  hole  at  B  into  a  metal  cylinder  C  and  impinge  on 
the  screen  D.  The  metal  cylinder  protects  the  electrons  from  any 
external  electrostatic  influences.  C  is  placed  between  the  poles  of 
a  large  magnet  SS,  so  that  a  magnetic  field  H  may  be  applied  to 
the  electrons.  The  apparatus  can  be  exhausted  to  a  suitable 
pressure  through  the  tube  T.  When  the  magnetic  field  is  applied 
the  point  at  which  the  electrons  impinge  on  the  screen  D  will  be 
shifted,  and  from  this  we  may  calculate  the  ratio  of  the  charge  to 
the  mass  of  the  electrons  in  the  stream. 
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Let  e,  m,  v,  have  the  same  significance  as  before 

D    =  distance  through  which  point  of  impact  is  moved 
/      =  length  of  path  of  the  electrons  in  the  magnetic  held 
V0  = difference  <>t~  potential  hetwcen  .-1  and  B. 


M. 


jc 

ID. 


The  work  done  in  accelerating  an  electron  as  it  travels  from  .1 
will  lie  eVot  and  this  work  must  he  equal  to  the  kinetic  eiHT-\ 
ot  the  electron  at  B. 


mv  = 

" 


*=  I 

The  time  during  which  the  electron  is  moving  in  the  magnetic 

held  18 /-      l     = 
V 


.\*  before  tin-  ac«-eleration  given  to  the  electron  hy  the  m.i. 

field  is/-  7/ 
Th(   i          D 


He 

ni 


m 


Method  3. — The  apparatus  is  shown  in  figure  14.  Two  Miuill 
U-11-jars  are  placed  on  opposite  sides  of  a  plate  BC.  The  upper 
one  of  these  contains  a  Wehnelt  cathode  A,  which  is  placed  directly 
behind  a  small  hole  in  BC.  DE  is  a  photographic  plate  fastened 
to  BC,  and  having  a  small  hole  coinciding  with  that  in  BC.  This 
plate  is  covered  by  a  metal  cap  F  which  protects  the  electrons  in 
the  lower  bell-jar  from  any  external  electrostatic  effects.  The 


whole  apparatus  is  placed  at  the  centre  of  a  large  solenoid,  repre- 
sented in  section  at  SS,  by  means  of  which  a  magnetic  field  may  be 
applied  to  the  electrons  which  leave  A.  The  bell-jars  can  be 
exhausted  to  a  suitable  pressure  through  the  tube  T. 

A  difference  of  potential  is  maintained  between  BC  and  A. 
The  electrons  will  be  accelerated  by  this  field,  pass  through  the 
hole  in  BC,  be  curled  up  by  the  magnetic  field  H,  and  will  make 
traces  on  the  photographic  plate  wherever  they  impinge  on  it. 

Then,  as  in  method  2,  eV0  =  %mv2 


2eV0 
m 


..(i) 


The  magnetic  field  will  exert  a  force  Hev  on  an  electron,  and 
under  this  force  the  electron  will  move  in  a  circle  of  radius  p,  where 


p  is  given  by  Hev  = 


From  the  above 


nor 
P 

Hep 

m 


and  - 


(2) 
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Then  from  (1)  and  (2)  2  -   V0  = 

tn  m 


e  2V0 


m 


P  may  be  found  from  the  trace  of  the  electrons  on  the  photographic 
plate. 

Using  these  three  methods  main    determinations  of  the  ratio 

-for  electrons  have  been   made.     The  mean  value  obtained  for 
m 

tliis  ratio  is  1  .77  X  107,  when  e  is  expressed  in  electromagnetic 
units,  or,  5.31X1017,  when  e  is  expressed  in  electrostatic  units. 

ir>.   MASS  OF  THE  ELECTRON'. 

From   the  above     -  =5.31X1017  E.S.U. 
m 

But  e  =  4.65X10-l°  E.S.U. 

l.<i:>XlO-l° 
therefore  m  =  531xlQ17    grams 

=  8.8  X10-28  grams. 

That  is,  mass  of  the  electron  =  mass    of    the    Hydrogen 

atom. 

26,  ELE»  UNITS. 

Then-  Eire  three  systems  of  electrical  units,  the  electrostatic, 
the  electromagnetic,  and  the  practical  systems.  Each  of  the 

ems  is  complete  in  itself  and  has  its  own  particular  uses.  The 
elect!  mi  is  based  on  the  mutual  force  exerted  by  elect  rir 

charges:  the  electromagnetic  system  on  the  mutual  force  exerted 
by  magnetic  poles;  and  the  practical  system  on  the  chemical 

•n  of  an  electric   current. 

I.    The  Electrostatic  Syst< 

Tin-  electrostatic  magnitude-  will  be  denoted  by  capital  K-tter>; 
the  capital  letter  enclosed  in  MJIMIV  brackets  denoting  the  unit  of 
particular  magnitude  under  consideration. 


<|uantt\  . 
[Q]  i  incd  by  <  'oiilomb'x  la\\ 


I  IK  n     ','1    i-   defined    lo   lie    that    <|iiantit\    ol'  electricity   \\hich. 
placed  in    I  vacuum,  at  a  di-i.n  m.  !n>m  an  .-(jiial  and 

:ilar  i|ii.i!  ic|K-lled  \\  ith  a   t«»n  r  <.|    I   d\  • 
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(b)  [/]  =  unit  of  current 

=  (Q] 
t 

(c)  [M]  =  unit  magnetic  pole. 

If  [/]  be  passed  through  a  wire  1  cm.  long  bent  into  the  form  of 
an  arc  of  a  circle  of  1  cm.  radius,  then  the  unit  pole  is  that  which 
when  placed  at  the  centre  of  the  circle  is  acted  upon  by  a  force  of 
1  dyne. 

(d)  [£]  =  unit  of  potential  difference. 

Two  charged  bodies  are  at  unit  potential  difference  when  it 
requires  one  erg  of  work  to  take  [Q]  from  the  one  at  lower  potential 
to  the  one  at  higher  potential. 

(e)  [R]  =  unit  of  resistance. 

=  resistance  of  a  circuit  in  which  [E]  will  maintain  a 
current  [/]. 

(/)    [£1 =  umt  °f  capacity 

=  quantity  of  electricity  required  to  raise  a  body  to  unit 

potential,  .'.  [C\  =  Wr 

II.   The  Electromagnetic  System. 

The  electromagnetic  magnitudes  will  be  denoted  by  small 
letters;  the  small  letter  enclosed  in  square  brackets  denoting  the 
unit  of  the  particular  magnitude  under  consideration. 

(a)  [w]  =  Unit    magnetic    pole.      The    unit    magnetic    pole    is 
determined  by  the  law  F=  ~^f^  which   is  analogous    to    that    of 

Coulomb. 

Then  the  unit  pole  is  defined  to  be  that  pole  which,  when  placed 
at  a  distance  of  1  cm.  from  an  equal  and  similar  pole,  repels  it  with 
a  force  of  1  dyne. 

(b)  [i]  =  unit  of  current. 

[i]  is  denned  to  be  that  current  which,  when  passed  through  a 
wire  1  cm.  long  bent  into  the  arc  of  a  circle  of  1  cm.  radius,  exerts  a 
force  of  1  dyne  on  a  unit  pole  at  its  centre. 

W    M    =  unit  of  quantity 

-HI. 

(d)  [e]    =  unit  of  potential  difference. 

(e)  [r]    =  unit  of  resistance. 
(/)    W    =  unit  of  capacity. 

The  definitions  of  the  last  three  units  are  entirely  analogous  to 
those  of  the  corresponding  units  in  the  e.s.  system. 
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III.   Comparison  of  the  Electrostatic  and  Electromagnetic  Systems. 

It  is  evident  from  the  above  definitions  that  the  units  in  the 

'ins  are  not  at  all  of  the  same  size.     In  185(>  Weber  and 

Kohlrausch  measured  the  ratio  of  [q\  to  [Q]\  they  denoted  this  ratio 

Thu>  we  have  as  a  fundamental  equation  tor  comparing  the 

tW<>   >y-teIllS 

(a)  [«]  =  *[<?]. 

The  ratios  of  all  the  other  corresponding  units  are  found  t<>  be 
simple  functions  of  v. 

(b)  From  (a)  it  at  once  follows  that 


(c)  A  little  consideration  will  show  that  the  ratio  of  the  unit 
poles  in  the  two  >\  stems  must  be  the  inverse  of  the  ratio  of  the  unit 
current^. 

,,>.,  [m]  =    *    [M]. 

(d)  From  the  definition  of  [E]  it  follo\\>  that 

[<?][£]  =  !  erg. 
^iiuil.iiK  .        [q]  [e]  =1  erg. 

•••Id  W  =!<?][£] 

and          M  _  iei  _  A 

I/-:]     [?1      . 

or,  [e\=^(E]. 

(e)  I;rom  (  )hmV  law  we  ha\e 


kl=  \e\     \l\_  \e\     |/j        1 

'  l/f|     [«r  [ft]     [/•:!  '['I 

(/)    From  the  definition  of  the  unit;-  of  rapacity  we  have 


IV.    The  llimetisious   of  V. 

Tin-  <p  ic^l  ion  ,t  rises  as  to  whether  r  i-  jii-1  a  number,  or  \\hether 
it  posses^  |)h\.-ieal  significance.  To  decide  this  «|iu>iion  \\e  must 
find  the  dimen-iMii^  <  ,t  r,  that  i>.  i  '  n  which  the  unit 

length  and  time  enter  int..  it.     \\V  will  use  the  1. 
denote  dimniMMii-  in   force,  length  and   1  i 

We  have  seen  that  [^]  =  v[Q]  ;  hence  i!'  WC  have  a  definite 
•  jiiantitv  \\hich  conlaiiis  ,/  c.ni.  units  Of  ('  C.8,  units 


1  O2 

it  is  evident  that  q=  --  ().    Also  Coulomb's  law  states  that  ^-  =F. 

Therefore  Q  has  the  dimensions  LF^. 

Again,  from  the  theory  of  the  tangent  galvanometer,  we  have 
Ha  tan  8 


2irn 


,   (see  section  31) 


where  i  is  measured  electromagnetically  ;  therefore  i  has  the  dimen- 
sions HL.  Now  consider  a  magnetic  pole  of  strength  m,  lying  in  a 
magnetic  field  H\  the  force  on  the  pole  is  Hm.  Then  H  has  the 

dimensions  — 
m 

But  from  the  magnetic  analogue  of  Coulomb's  law 


.*.  m  has  the  dimensions 
Combining  these  results, 

i  has  the  dimensions  F**, 

and  q  has  the  dimensions  Fy*T. 

Q        LF*       L 

Then  v  ~-        =        =  ~T  ' 


i.e.,  »  has  the  dimensions  of  a  velocity.  It  has  been  shown  that 
v  has  the  same  numerical  value  as  the  velocity  of  light,  and  the 
physical  significance  of  this  fact  has  been  demonstrated  in  the 
electromagnetic  theory  of  light  as  developed  by  Maxwell  and 
J.  J.  Thomson. 

The  value  of  v  may  be  determined  experimentally  by  compara- 
tive measurements  of  a  quantity  of  electricity,  of  a  capacity,  or  of 
a  potential  difference,  in  the  two  systems.  Also,  since  the  identity 
of  v  with  the  velocity  of  light  has  been  established,  v  may  be  evalu- 
ated by  measuring  that  velocity.  A  list  of  the  most  accurate 
determinations  of  v  is  appended. 

Experimenter  Date  Result 

Himstedt  .........................        1886) 

1887  3.0057X1010 

1888J 

Rosa  ............................        1889  3.0000X1010 

Thomson  .........................        1890  2.9960X1010 

Pellat  ...........................       1891  3.0010X1010 

Abraham  .........................        1892  2.9913X1010 

Hermuzesen  ......................        1896  2.9973X1010 

Fabry  and  Perot  ..................        1898  3.0001X1010 
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V.  The  Practical  System. 

Several  of  the  units  in  the  e.m.  and  e.s.  systems  are  incon- 
veniently large  -for  practical  work,  several  are  too  small.  So  at  a 
congress  at  Paris  iit  1881  a  practical  system  employing  units  of 
convenient  >i/e  was  agreed  upon.  These  units  were  so  chosen  that 
they  could  be  easily  expressed  in  terms  of  the  units  of  the  two 
systems  previously  discussed.  For  practical  purposes  howc\er. 
they  are  defined  as  follow- : 

(a)  the  coulomb  =  unit  of  quantity.  This  is  the  quantity  wf 
electricity  which  will  deposit  0.001118  gram  of  silver  from  a  solu- 
tion of  a  silver  salt. 

(6)  the  ampere  =  unit  of  current.  A  circuit  is  said  to  be  con- 
ducting unit  current  when  1  coulomb  traverses  a  cross-section  of 

the  circuit  in  1  second. 

(c)  the  ohm  =  unit  of  resistance.  The  ohm  is  defined  as  the 
resistance  at  0°  C.  of  a  column  of  mercury,  1  sq.  mm.  in  cross- 
>c(  lion  and  106.3  cms.  long. 

'  the  volt  =  unit  of  potential  difference.  If  from  any  circuit 
carrying  a  current  of  1  ampere,  we  select  a  portion  having  a  re- 
sistance of  1  ohm,  the  potential  difference  between  the  end>  of 

tlii-   portion   will   be    1    volt. 

(e)  the  farad  =  unit  of  capacity.  The  farad  is  the  capacity  of  a 
condenser  which  contains  1  coulomb  of  electricity  when  the  poten- 
tial difference  betw-een  its  terminals  is  1  volt.  The  farad  is  too 
large  a  unit  for  practical  work,  so  the  unit  usually  used  is  the 
micro-farad  which  is  one-millionth  of  a  farad. 

The  following  table  expresses  the  units  of  the  e.s.  and  practical 
ma  in  terms  of  those  of  the  e.m.  system. 


Magnitude 


6.8.  I'nit 


Practical  SvMem 


Unjt 

Relation 

Quantity 

1 

V 

oulomb 

A" 

(  "urrem 

J'] 

1  . 
ampere               —  (/] 

•lial  'lilt. 

v[e\ 

voh                       10»[e] 

Ar] 

oh  in                       109(r] 

1 

>i 

Farad                   m  9[c] 

MAGNETISM. 


27.  DETERMINATION    OF    THE    HORIZONTAL    INTENSITY    OF    THE 

EARTH'S  MAGNETISM. 

•  This  determination  involves  two  separate  series  of  observa- 
tions, the  first  being  the  measurement  of  the  period  of  swing  of  a 
suspended  magnet;  and  the  second,  the  measurement  of  the 
deflection  produced  by  this  magnet  on  a  small  second  magnet 
suspended  so  as  to  lie  along  a  line  drawn  at  right  angles  to  the 
middle  point  of  the  first. 


(1)  Let  NS  (Fig.  15)  be  a  suspended  magnet  of  length  21  and 
pole-strength  w,  and  let  it  be  given  a  small  angular  displacement  6. 

The  force  acting  at  N  =  mH, 

where  H=  horizontal  intensity  of  the  earth's  magnetism. 
The  part  of  this  force  which  tends  to  cause  rotation  is  mH  sin  0,  and 

AN 
for  small  displacements  sin  6  =  6  =  — j — 

AN 
. ' .  effective  force  on  N  —  mH  .  —j— 
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i.e.,  the  restoring  force  is  proportional  to  the  displacement,  and 
therefore  the  magnet  oscillates  like  a  simple  pendulum  with  simple 
harmonic  motion. 

The  period  of  oscillation  of  a  simple  pendulum  is  given  by 

T=2wV  ~^r 

where  /   =  moment  of  inertia, 
co  =mass. 

g   =  constant  of  gravitation. 

In  the  case  of  a  magnet,  cog  is  replaced  by  an  attraction  + 
and  a  repulsion  —  mH,  or  by  a  total  force  2mH. 

'   T=2*     /     I 

V    2m  HI 

=2Ti//A 

where  2ml  =  M 

=  moment  of  the  magnet. 


. 


xt- 


f 


N 


Let  NS  (Fig.  16)  be  the  magnet  previously  used,  and  ns  the 
11  magnet,  and  let  the  pole-strengths  be  respectively  m  and  m'. 
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The  force  of  attraction  on  .s  dm*  to  A7  =  7 


mm 


d2  +  /- 

where  d  =  distance  sO  =  distance  nO 
if  ns  is  small  compared  with  sO. 

/ 
The  turning  force  acting  on   s  is  then  -       -  cos  6. 


Similarly,  the  effective  force  of  repulsion  on  s  due  to  S 

mm' 
=  j2~TT/2 cos  e- 

Or,  total  effective  turning  force  on  s,  along  sx  =     ™  i  72  cos  6 


and  total  effective  turning  force  on  w,  along  sxr  =     ,2     /0   cos  0. 

The  moment  of  the  couple  acting  on  ns  =  cos  0  .  2X, 

d    i~/~ 

where  2X  =  length  ns 

2mm'  I 

.  .  moment  =  .  2X 


.  2X. 

The  magnet  ns  will  be  deflected  until  the  moment  of  the  resul- 
tant couple  is  equal  to  the  moment  of  the  couple  due  to  the  field  H. 
Hence,  if  the  deflection  =  a, 

moment  due  to  H  =  m'H  .  2X  .  sin  a, 

and  resultant  moment  due  to  NS  =  .  2X  .  cos  a. 


Mm'  , 

•  cos  a==m  •"  •  ^X  .  sin  a 


'  '     JL    m32  • 


From  these  {wo  observations  we  have 

ATT  2  7 
(1)      MH    =  ^~~ 

47T2/ 


Dividing  (1)  by  (2),  IP 


tan  g 
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28.  LAPL.M  i    -    I.\\v  i  OR    HIE  ACTION  OF   AN    ELEMENT  OF  AN 

ELECTRIC  CIRCUIT  ox  A  M.U.M  nr  Poi.i:. 

It  is  never  po-sible  to  obtain  an  element  of  current  without 
having  a  complete  circuit,  nevertheless,  for  many  calculations  it  is 
very  convenient  to  have  an  expression  representing  the  theoretical 
effect  of  an  element. 


Consider  a  linear  circuit  of  the  form  BOC  (Fig.  17)  which  make- 
the  angle  26  at  0,  and  draw  OA  in  the  plane  of  BOC  so  as  to  bisect 
the  angle  BOC.  From  A  draw  AD  perpendicular  to  OB  and  of 
length  p,  and  let  the  length  of  OA  be  r. 

According  to  Biot  and  Savart's  law  the  action  of  this  circuit  on 
a  unit  pole  at  A  is  given  by 

fet* 

/•'  = -. 


where  k  is  some 


i.e.,  F 


•2k  Bin1 


and  by  the  symm«-tr\    "\   llic  rircnil    tlii^  \\ill  art   along  OA. 


The  magnetic  intensity  due  to  one  branch  alone  must  be 
Fi  =  J  F 


Let  now  the  branch  BO  be  increased  by  a  small  element  OM 
of  length  ds.  Join  MA  and  draw  OL  perpendicular  to  MA.  The 
intensity  at  A  will  now  be  increased  by  a  small  amount  dF\, 


such  that 


-  cos  -     . 


=   k  .  2  sin  —  cos 


k  sin  Ode 


2P 


Now  p  =  r  sin  0. 

OL  =  rd8  (nearly)  r 
also,       OL  =  OM  sin  (8-dd) 
=  ds  sin  0. 


kds  sin2  0 
2r2  sin  0 
6fc  sin  0 


This  is  the  effect  of  unit  current  on  unit  magnetic  pole,  so  that  for 
a  current  i  and  pole-strength  /*, 

sin  0 


To  evaluate  k,  take  the  case  of  a  unit  current  in  a  circular 
circuit  of  1  cm.  radius.  Then  1  cm.  of  the  circuit  exerts  unit  force 
on  a  unit  pole  at  the  centre. 

Then  dF  = 

M  = 
i  = 
ds  = 

e     ={ 

sin  0      = 

r      = 

,  f-.. 

or,  k     =2, 
.'.  for  the  action  of  an  element  of  a  circuit  we  have 
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\       2<).   MA<,M  IK    I'll. i.D  Dri.  10  A  ("IRRI:M  ix  AX  IMIXITKLY  LONG 
WIRE. 


.  /8 


Let  ^  (Fig.  18)  represent  a  portion  of  a  wire  carrying  ajcurrent, 
<iiul  let  an  element  ds  make  an  angle  a  with|a  normal  to  the  wire 
at  a  point  distant  r  along  the  normal. 

s  —  r  tan  a 
ds  —  r  sec2  ada. 

By  Laplace's  equation     dF  =     H***^9.     , 

and  here.  >in  8   =   cos  a, 
.v    =  r  sec  a, 

.  .    I.apl.K •<•'>  equation  beconir- 

Itir  sec2  a  d  a  cos  a 
dF  = 


-'I 


i  cos  a  d  a 

r 

H> 

r 


••r,  i  iutrn>ity  «  H  =   —  . 
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30.  MAGXETIC  FIELD  DUE  TO  A  CIRCULAR  CutuiENT, 


riff.0 

Every  element  ds  of  the  circular  current  (Fig.  19)  exerts  a  force 
in  a  different  direction  at  P,  so  that  all  the  forces  due  to  the  com- 
plete circuit  form  a  cone  with  apex  at  the  point  P.  Each  of  these 
will  have  a  component  at  right  angles  to  the  axis,  and  one  along 
the  axis,  the  former  components  cancelling  each  other  in  pairs. 
By  Laplace's  law  the  force  along  the  axis  exerted  by  each  element 
of  the  circuit  on  a  pole  of  strength  /*  placed  at  P  is 


sin  0 
dF  =  ~      —  —     -  .  cos  </> 


cos  4>        .  TT 

,  since  6  =  — 


a2  2 

.  r 


Therefore  the  force  due  to  whole  circuit  is 


Therefore  at  P,    H  =     ^^ 


(r*+x*y 
e 

AtO,  x  =  0,  therefore  H  =   - 


or,  for  n  turns  in  the  circuit  H  = 

r 

31.  THE  TANGENT  GALVANOMETER. 

The  tangent  galvanometer  consists  of  a  large  circular  coil  of 
wire  with  its  plane  in  the  direction  of  the  earth's  magnetic  field, 
and  having  a  short  magnetic  needle  suspended  at  its  centre.  If 
H  is  the  value  of  the  horizontal  component  of  the  earth's  field,  and 
if  the  needle  is  deflected  through  an  angle  6  when  a  current  i  is 
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passing  through  the  coil,  the  effective  component  of  the  restoring 
force  is  H  sin  6,  while  that  of  the  deflecting  force  is  F  cos  0 
Therefore  F  cos  6  =  H  sin  6 
or  F=H  tan  0 

2  -K  n  i 


Therefore 


a 

or 


H  tan  0 

Iln  tan  0 

H 


This  is  often  written  /  =  -77  tan  0 

(j 

\vlu-iv  ('  is  ralk-d  the  true  constant  of  the  galvanometer. 

MAGNETIC  I  n  LD  DUE  TO  A  SOLENOID. 
(1)  At  a  point  outside  the  solenoid  (Fig.  20). 


.  20 


It,  /  is  the  current  in  the  solenoid  and  there  are  n\  turns  of 
\\in-  per  unit  length,  then  the  amount  of  current  in  the  solenoid 
per  unit  length  is  i'  —  n\  i,  and  the  total  current  in  a  small  section 
aa'  is  i'aa'.  Then  the  force  on  unit  pole  at  0  is,  by  the  development 
of  Laplace's  law  in  section  30 


dF= 


Now 


aa' 


a'O 


ab  r 

and  ab  =  a'Od0. 

Therefore  o«'  =     a'a  ' 'y'y 


de 


Therefore  d  F    = 


(rH 

i  0d0. 


.dO 


Th»  i 


" 


2*i'  sin  ^rfd. 


-  2*  t'(cos  ^i  —cos 


(2)  At  a  point  at  the  centre  of  the  solenoid  (Fig.  21) 

Here  0i  =  7r— 02 
Therefore  F=2iri'(cos  0i+cos  81) 

=  47Tl'  COS  01 


Fiy. 


If  there  are  n  turns  of  wire  in  the  whole  solenoid  and  the  length 
of  the  solenoid  is  /. 


Therefore  F  = 


..        ni 
then  i'  =   —  - 


4?r  ni  cos  6 


For  a  long  solenoid  6  =  TT 


Therefore  F  = 


at  any  point  which  is  distant  from  the 


ends  of  the  solenoid. 
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